Introduction
How small and isolated populations survive in harsh and changing environments remains a mystery in population biology. In theory, chance demographic events should doom relatively small populations to quick extinction, yet nature is full of species in which small populations inhabit isolated habitats such as temporary pools, rock outcrops, or alpine mountaintops. Metapopulation theory proposes that dispersal among populations is the key to persistence in such species because it permits declining populations to be rescued and vacant habitats to be (re)colonized by immigrants from other populations. One of the strongest predictions made by this theory is that both the local and regional persistence of species depends critically on the existence of many populations within a region, and on unobstructed dispersal among these populations. In turn, the destruction of even a modest number of populations or habitats may lead to the regional extinction of a patchily distributed species (Hanski 1997; Hanski & Simberloff 1997; Harrison & Taylor 1997) .
The predictions of metapopulation theory have been tested with some success in animals, including butterflies and frogs (Sjogren Gulve 1994; Hanski & Kuussaari 1995; Thomas & Hanski 1997) . The modest mobility of these species, combined with the feasibility of identifying numerous populations and suitable habitat patches and the ability to measure rates of movement directly by marking individuals, makes them conducive to metapopulation studies. In contrast, the relevance of metapopulation theory to plants remains less well demonstrated. The pioneering study by Menges (1990) suggested that Furbish's lousewort ( Pedicularis furbishae ) survives in its disturbance-prone riverbank habitat through local extinction and recolonization. But long-distance movements are almost impossible to observe in plants, and local extinction and recolonization are often hard to document because so many plant species have persistent seed banks. Indeed, "escape in time" from environmental harshness through long-lived dormant seeds may be more relevant for plants than "escape in space" through long-distance dispersal (Silvertown 1991) . On the other hand, pollination represents a second avenue by which spatial isolation might affect the survival of plant populations (Groom 1998) .
We examined some predictions of metapopulation theory in five species of plants confined to a harsh and isolated habitat, namely spring seeps on serpentine soils. These five plants are all considered uncommon by the California Native Plant Society (Skinner & Pavlik 1994) and usually occur in populations of 10-1000 individuals. The serpentine seep habitats of these plants are typically isolated by hundreds of meters from their nearest neighbors. For three of them, the region of this study lies at the southern margins of their geographic ranges.
In the first part of this study, we tested the predictions that habitat isolation increased the chance of local extinction and decreased the chance of colonization in these plants over a 15-year period. In 1981 15-year period. In -1982 , the five species' distributions were surveyed in a 4200-ha area during an environmental assessment for a mine. In 1997-1999 we resurveyed 70 sites where populations were found in [1981] [1982] . For the 132 plant populations found in 1981-1982 on 56 seeps that still existed in 1997-1998, we tested whether isolation from conspecific populations affected the chance that the population disappeared by [1997] [1998] [1999] . For sites where each species was not found in 1981-1982, we analyzed presence and absence in 1997-1999 to test whether isolation from conspecific populations affected the chance of new population appearances.
We also examined distance from human activities as a possible correlate of population disappearances. Prior to mine construction in the mid-1980s, the only major disturbances in the study area were a county road and several side roads. Facilities constructed after 1981-1982 included a pit, reservoir, tailings pond, 8-km pipeline, waste rock piles, and new roads scattered widely over the study area. We asked whether proximity to such disturbances increased the chances of disappearance for the seep plant populations.
For plants with seed banks, the absence of individuals above ground in any given year does not necessarily mean that the population is truly extinct. Therefore, to be cautious, we generally refer to appearances and disappearances of populations rather than to colonizations and extinctions. We had several reasons to believe that we could observe the effects of true colonizations and extinctions in this study, however. First, three of our five study species are perennials. Second, to be conservative, we lumped the observed 1997-1999 distributions into a single measure of contemporary presence or absence. Third, the middle year of our study (1998) was an El Niño year with a very wet spring, whereas 1997 and 1999 were closer to average in rainfall, leading to large fluctuations in seep plant populations. One of the annuals, Mimulus nudatus , appeared more abundant in 1998 than anytime in the previous 5 years (S. H., personal observation). For the annuals, we therefore believe we observed a large proportion of the extant populations in at least 1 of the 3 years. Also, our main interest was in whether the isolation of populations influences persistence, and seed bank dynamics are more likely to create "noise" that will make spatial effects harder to detect rather than to act as a bias that could produce false positive results.
In the second part of our study, we examined spatial patterns of population change in three of the five seep plant species over a geographic area of approximately 20 ϫ 40 km that included the 4200-ha site. Our purpose was to address another central issue in metapopulation theory, namely that for rescue and recolonization to be effective, local populations must be close enough to one another to permit dispersal among them. Close proximity, however, makes it more likely that populations will experience similar environmental events and will fluctuate and go extinct simultaneously (Harrison & Quinn 1989) . The spatial scale at which populations show synchronous changes in abundance, relative to the spatial scale over which they can disperse, is therefore an important aspect of metapopulation dynamics.
For three field seasons, we censused the abundances of 3 serpentine seep plants in 50 plots of 10 ϫ 20 m at a nested series of geographic scales (10 1 -10 4 m) and tested for spatial autocorrelation in abundance and change in abundance using variogram analyses (Cliff & Ord 1981; Isaaks & Srivastava 1989) . We considered three possibilities: (1) changes in abundance for each species will be highly synchronous at all spatial scales; (2) changes in abundance will be asynchronous at all spatial scales; (3) fluctuations will be spatially autocorrelated-in other words, highly synchronous among nearby populations but less so among distant populations. Of these three, the second is the most compatible with the concept of persistence through a balance between local extinction and recolonization.
Methods

Study Region and Species
Our study was conducted on serpentine substrates at the Homestake McLaughlin Mine/Donald and Sylvia McLaughlin University of California Natural Reserve (lat 38 Њ 51 Ј N, long 122 Њ 24 Ј W) and in a surrounding region of about 20 ϫ 40 km in northern Napa and southern Lake counties, California ( U.S.A.). Serpentine areas in this region have been mapped by Fox et al. (1973) and Wagner and Bortugno (1982) . Serpentine, or ultramafic, rock is associated with ancient tectonic activity and is found throughout the Coast Ranges and Sierra Nevada foothills of California. The distinctive flora on serpentine consists of species able to tolerate its abnormally low ratio of calcium to magnesium and its low levels of primary nutrients (Kruckeberg 1984; Brooks 1987) . The soils, vegetation, and flora of the 4200-ha McLaughlin site are described in detail by D'Appolonia Company (1982) . The serpentine flora of the study region has also been studied by Koenigs et al. (1982) , Callizo (1992) , and Harrison (1997 Harrison ( , 1999 . The dominant vegetation is leather oak chaparral ( Quercus durata [Fagaceae] and its associated species) and northern interior cypress forest ( Cupressus macnabiana and C. sargentii [Cupressaceae] ) (Sawyer & Keeler-Wolf 1995) .
Interspersed within the serpentine chaparral and meadows are habitats we refer to as serpentine seeps. These are found where springs emerge from the porous serpentine rock and traverse areas of sandy or gravelly soil that retain moisture. In an otherwise summer-dry environment, plants in serpentine seeps flower well into midsummer, including the five habitat specialists that are the subject of this study: Helianthus exilis (Asteraceae), Senecio clevelandii (Asteraceae), Astragalus clevelandii (Fabaceae), Delphinium uliginosum (Ranunculaceae), and Mimulus nudatus (Scrophulariaceae). These species were on the California Native Plant Society's inventory of rare and endangered vascular plants (Smith 1981) and thus were included in a survey of sensitive plants prior to the construction of the Homestake McLaughlin mine (D'Appolonia Company 1982) .
Helianthus exilis , serpentine sunflower, is an obligately outcrossing annual that grows in dense stands on gravelly streamsides on serpentine. It occurs throughout the North Coast Ranges of California, and within the region of this study it has been found on all blocks of serpentine that support seeps (Wolf et al. 1999) . It fluctuates greatly in abundance and appears readily following small disturbances, suggesting the existence of a large seedbank ( Wolf et al. 1999) . Its seeds lack dispersal structures and are probably water-dispersed. Past controversy about its distinctness from Helianthus bolanderi is summarized by Jain et al. (1992) , who deemed Helianthus exilis a separate species based on morphological and molecular evidence.
Mimulus nudatus , bare monkeyflower, is a primarily outcrossing annual that is restricted to serpentine seeps in Napa and Lake Counties, California. It often co-occurs with the widespread Mimulus guttatus , of which it is considered a daughter species and from which it is isolated by post-mating incompatibility ( McNair 1992) . Like Helianthus exilis , it shows large yearly fluctuations in abundance and sometimes appears in newly disturbed sites near existing populations, indicating a seedbank (S.H., personal observation). The tiny seeds of Mimulus nudatus are probably water-dispersed, like those of Mimulus guttatus , for which downstream dispersal distances of 400 m have been documented (Waser et al. 1982) .
Delphinium uliginosum , swamp larkspur; Astragalus clevelandii , Cleveland's milkvetch; and Senecio clevelandii , Cleveland's ragwort, are all perennial species restricted to serpentine seeps and streams. Delphinium uliginosum dies back aboveground in winter and is a biennial or weak perennial, and the other two are robust perennials. Delphinium uliginosum is restricted to the North Coast Ranges, Astragalus clevelandii is found in the North and South Coast Ranges, and Senecio clevelandii is found in the North Coast Ranges and Sierra Nevada foothills (Hickman 1993) . Little is known about the biology of these three species.
Population Turnover
1981-1982 SURVEY
A comprehensive environmental study of the McLaughlin site was conducted in 1981-1982 as construction of a mine began (D'Appolonia Company 1982) . This included mapping of all populations of 29 plant taxa considered rare or endangered either by the federal government, by the state, or by the California Native Plant Society (Smith 1981) . These 29 taxa included the five species of serpentine seep specialists described above. The botanists employed by D'Appolonia Company (1982) used a literature and herbarium review, mapping of potential habitat by means of geologic maps and aerial photos, and two seasons of field searching to identify all populations of these species in the 4200-ha area. The field surveys were conducted in April-July 1981 and 1982. The results are reported as maps that do not distinguish 1981 and 1982 data, so we combined the 2 years in our analyses.
The 1981 1982) . Population sizes were reported only as ranges, and data are not available on the sizes of individual populations. These 218 populations were found on 87 seeps.
1997-1999 RESURVEY
In 1997-1999, using the topographic maps published by D'Appolonia Company (1982) , we resurveyed all localities at which the five species were found in 1981-1982. Of the 87 localities, 17 had been destroyed by construction; at another 14 sites we were unable to find seep habitat. This left 56 sites that we searched thoroughly in 1997, 1998, and 1999 for the presence or absence of the five species.
These searches were conducted in June-July, when Mimulus nudatus and Delphinium uliginosum flower and the vegetative parts of the other three species are conspicuous. In each year, we visited each site where any of the five species was found by D'Appolonia Company (1982) and searched it until the species found in 1981-1982 were located or until approximately 1 hour had elapsed. At these sites we also recorded new occurrences of seep species not found in 1981-1982. As described above, we lumped the data from our 3 years of field surveys. In other words, we made the conservative assumption that any population extant in either 1997, 1998, or 1999 was extant in all 3 years.
During follow-up monitoring sponsored by the mining company, several entirely new seep plant localities were noted in the study area, mostly of Helianthus exilis and Mimulus nudatus ( J. Callizo and G. Clifton, personal communication; S.H., personal observation). In the present study, however, we did not attempt to survey the area comprehensively for such new sites.
ANALYSIS OF POPULATION DISAPPEARANCES
In analyzing the correlates of population disappearance, we made the following assumptions. Any population of one of the five plants that was present in 1981-1982 and also in 1997-1999 was regarded as a surviving population of that species. Any population that was recorded in 1981-1982 but not in 1997-1999 at a site where seep habitat was still found in 1997-1999 was regarded as an extinct population of that species. Any location where a particular species was not found in [1981] [1982] or where no seep habitat was found in 1997 was excluded from the analyses of disappearance.
For each population that was extant in 1981-1982 and for which seep habitat was found in 1997-1999, we used topographic maps to measure the distances to the nearest three conspecific populations. As the principal measure of isolation, we calculated the harmonic mean distance to the three nearest conspecific populations. The harmonic mean, or reciprocal of the mean of the reciprocals, is a measure that gives greater weight to small than to large values. We also used other measures of isolation for comparison, including the distance to the single nearest conspecific population and the arithmetic mean and the logarithm of the arithmetic mean of the distances to the three nearest conspecific populations.
For each locality, we measured the size of the seep as its length in the downstream direction on the maps by D'Appolonia Company (1982) . (We did not attempt to measure seep area because habitat quality is likely to vary with distance from the stream and because effective area varies greatly among species and between years.) For each population extant in 1981-1982, we measured the distance to the nearest major humancaused disturbance that occurred since 1981-1982. This included new roads and mine activities but not roads that existed prior to the mine. We called this variable "distance to disturbance." We also measured the distance to any disturbance, recent or old, but this variable never approached significance in any analyses.
Using logistic regression, we analyzed the survival versus disappearance of populations with respect to population isolation, seep size, distance from disturbance, and species.
ANALYSIS OF POPULATION APPEARANCES
The presence-absence survey data were analyzed similarly for appearances of new populations. The colonization data set included all sites from which the species in question was absent in 1981-1982, but at which at least one other seep species was present. We considered appearances to have occurred where the species in question was absent in 1981-1982 but present in 1997-1999 . Potential appearances were considered not to have occurred when the species in question was absent in both sets of surveys. We used logistic regression to analyze new population appearance with respect to isolation and seep size (measured as described above) and species. Distance from disturbance was not used in these analyses because there was no reason to suspect that it would influence colonization rates.
The colonization data were considered less reliable than the data on local extinctions because we could not vouch for the thoroughness of the 1981-1982 survey. Absence data is highly sensitive to sampling effort, and although presences recorded in 1981-1982 are highly likely to be accurate, we have no way of estimating the reliability of 1981-1982 absences.
ANALYSIS OF AGGREGATION IN DISTRIBUTIONS
We used join-count nearest-neighbor statistics (Sokal & Oden 1978 a , 1978 to test for aggregated distributions in the presence-absence data for 1981-1982 and 1997-1999 . For each species, each site was given a discrete variable value (occupied or empty), and for each pair of nearest-neighbor sites, we counted the number of each type of join (occupied-occupied, occupied-empty, or empty-empty). To test for significant aggregation of populations among sites, we compared these observed joincounts with distributions generated by a Monte Carlo randomization, in which populations were randomly distributed among sites on the landscapes, and we calculated the expected number of each join type from 1000 runs. A species was considered significantly aggregated among sites if the observed numbers of both occupiedoccupied and empty-empty joins exceeded 95% of the values generated by randomization.
Regional Patterns in Abundance
To determine whether population fluctuations at a regional scale were regionally synchronous, asynchronous, or spatially autocorrelated, we focused on the three most common species, Helianthus exilis , Delphinium uliginosum , and Mimulus nudatus. The other two species, Astragalus clevelandii and Senecio clevelandii , are probably less prone to fluctuate because they are longer lived. We chose 50 plots 10 ϫ 20 m in size at which to census the local abundances of the three species in 1997-1999. These plots were arranged in a spatial hierarchy, with 24 on one hillside (known as Research Hill) at the McLaughlin site, 13 at different locations at the McLaughlin site but on the same block of serpentine, and 13 on other blocks of serpentine scattered around the 20 ϫ 40 km study region.
The 24 plots on one hillside at McLaughlin were located on 12 intermittent streamlets. On each streamlet we chose one upper and one lower site within 100 m of each other and established a 10 ϫ 20 m census plot at each site. At the other 26 locations we established a single 10 ϫ 20 m census plot. In locating the census plots, our only criterion was to include as many of the three species as possible in each plot. We recorded the latitude and longitude of each site.
In late May 1997, early June 1998, and late May 1999, we counted the total number of each species present above ground at each census plot. We took care to sample at phenologically equivalent times in each year. At the time of the census in all 3 years, Helianthus exilis was in the rosette stage, D. uliginosum was present in both flowering and rosette stages, and Mimulus nudatus was in full flower.
Our goal was to determine the spatial scale over which conspecific populations tend to behave similarly. We could not use correlation coefficients because we had only 3 years of data. Instead, for each census plot we calculated a value of (i.e., 
Results
Many populations of all five species disappeared over the 15-year period (Table 1) . Of the 132 populations found on the 56 seeps examined in 1997-1999, we found 32 presences in 1981-1982 followed by absences in 1997-1999, or local extinctions, and 100 presences in 1981-1982 followed by presences in 1997-1999, or nonextinctions. This subset of the data was used in logistic regressions to determine the correlates of population disappearance.
In the logistic regression analysis for disappearances we initially used all independent variables, including species, isolation, distance to disturbance, and seep size. Of these, only isolation was significant at p Ͻ 0.05, and distance to disturbance was marginally significant at p Ͻ 0.10; the model as a whole was not significant (Ϫ2 log likelihood ϭ 11.09, 7 df; 2 p ϭ 0.135; McFadden's r 2 ϭ 0.077). The subsequent analysis excluded the variables that were not marginally significant, species and seep size. This simple model was significant overall (2 log likelihood ϭ 7.68, 2 df; 2 p ϭ 0.021; McFadden's r 2 ϭ 0.053), and again the effect of isolation was significant and the effect of distance to disturbance was marginally significant ( Table 2 ). The signs of the coefficients indicate that the effects were in the expected direction: the probability of disappearance went up with increasing isolation from conspecific populations and down with increasing distance from disturbance. We explored the effects of using measures of isolation other than the harmonic mean distance to the three nearest conspecific populations in the simple model that included only isolation and distance from disturbance. The significance of isolation was not greatly changed when the alternative measures were used, including distance to single nearest conspecific population (t ϭ 2.06, p ϭ 0.040), arithmetic mean of distance to three nearest populations (t ϭ 1.89, p ϭ 0.058), and logarithm of arithmetic mean of distance to three nearest populations (t ϭ 1.88, p ϭ 0.059). The overall model was only significant at p Ͻ 0.05 when single nearest population (Ϫ2 log likelihood ϭ 7.20, 2 df, p ϭ 0.027) and arithmetic mean distance (Ϫ2 log likelihood ϭ 6.03, 2 df, p ϭ 0.049) were used.
One seep in this study was located on a serpentine formation separate from the rest (known as Little Blue Ridge), a site at which isolation distances for all five species were Ͼ3 SD above the mean. Despite the isolation of this site, a population of Astragalus clevelandii did not go extinct, and colonization by Helianthus exilis occurred. When this location was excluded from the data set, in the simple model with isolation and distance from recent disturbance, both effects were highly significant (isolation, t ϭ 3.19, p ϭ 0.001; distance from recent disturbance, t ϭ Ϫ2.25, p ϭ 0.025; overall model, Ϫ2 log likelihood ϭ 13.19 with 2 df, p ϭ 0.001).
Population disappearances showed evidence of an isolation threshold (Fig. 1) ; few populations isolated by Ͻ300 m disappeared, whereas among the populations isolated by Ͼ300 m, many survived and many others dis- Numbers of populations of the five plant species that did or did not go extinct and sites that did or did not become colonized between  1981-1982 and 1997-1999, and their mean values of isolation and distance to the nearest recent disturbance (m) .
Species
Number appeared. The effect of distance from disturbance on population disappearance did not show such a threshold (Fig. 2) . Many new populations appeared in all five species (Table 1) . On the 54 seeps examined in 1997-1999, we found 65 absences in 1981-1982 followed by presences in 1997-1999, and 78 absences in 1981-1982 followed by absences in 1997-1999. We used this subset of the data in logistic regressions to examine the correlates of new population appearances.
The logistic regression model for population appearances initially included species, isolation, and seep size. In this full model, there were significant or marginally significant effects of two species ( p Ͻ 0.05 for Helianthus exilis and p Ͻ 0.10 for Mimulus nudatus), with positive coefficients indicating that these species had higher rates of colonization than the others. There was a significant effect of isolation, with a negative coefficient indicating that, as expected, more isolated sites had a lower chance of becoming newly occupied than less isolated ones. No other effects approached significance, and the overall model was significant (Ϫ2 log likelihood ϭ 20.34, 6 df; 2 p ϭ 0.002; McFadden's r 2 ϭ 0.103). In the simple model with the nonsignificant term for seep size excluded, all the above effects remained essentially unaltered and the overall model was significant (Ϫ2 log likelihood ϭ 20.29, 5 df; 2 p ϭ 0.001; McFadden's r 2 ϭ 0.103; Table 3 ). There was no evident threshold for the effect of isolation on new population appearances (Fig. 3) .
The results were not greatly affected by which isolation measure was used in the simple model using only isolation and species: distance to single nearest population (t ϭ Ϫ1.93, p ϭ 0.053; overall model p ϭ 0.001); arithmetic mean distance to three nearest populations (t ϭ Ϫ1.92, p ϭ 0.055; overall model p ϭ 0.005); or log- arithm of the arithmetic mean distance to three nearest populations (t ϭ Ϫ2.35, p ϭ 0.019; overall model p ϭ 0.001). In all cases, the inferences about Helianthus exilis and Mimulus nudatus remained unchanged ( p always Ͻ0.05 for Helianthus exilis and Ͻ0.10 for Mimulus nudatus), and no other terms approached significance at p Ͻ 0.10. When the most isolated seep (Little Blue Ridge) was excluded in the simple model with species and isolation, the effects of isolation (t ϭ Ϫ2.71, p ϭ 0.007) and species (Helianthus exilis, t ϭ 1.60, p ϭ 0.02; Mimulus nudatus, t ϭ 1.30, p ϭ 0.021) were significant, as was the overall model (2 log likelihood ϭ 21.90, 5 df, p ϭ 0.001).
All species were randomly distributed among sites in 1981-1982 according to the results of the join-count nearest-neighbor analysis. That is, the proportion of pairs of nearest-neighbor sites sharing the same state (occupied-occupied or empty-empty) did not exceed 0.95 of the simulated values for any species. In 1997-1999, however, Senecio clevelandii exhibited a significantly aggregated distribution. The proportion of nearest-neighbor site pairs that were both empty exceeded 0.998, 0.980, and 0.968 of simulated values, and the proportion that were both occupied exceeded 0.992, 0.965, and 0.972 of simulated values in these 3 years, respectively. Delphinium uliginosum was also aggregated in 1998 and 1999: the proportion of nearest-neighbor pairs that were both empty exceeded 0.987 of simulated values, and the proportion that were both occupied exceeded 0.997 of simulated values in both years. The other three species retained their random distributions, although Astragalus clevelandii showed a tendency toward aggregation in 1998 and 1999, with the proportion of site pairs that were both empty exceeding 0.956 and 0.986 of simulated values in these 2 years respectively.
From 1997 to 1998, the three species that were censused at 50 sites in a 20 ϫ 40 km region showed synchronous responses to environmental variation: Helianthus exilis declined strongly, Delphinium uliginosum increased moderately, and Mimulus nudatus increased strongly at virtually every census site in the region (Table  4) . From 1998 to 1999, patterns of change were more mixed. Mimulus nudatus again showed a high degree of synchrony, with populations declining at nearly all sites, but Helianthus exilis and Delphinium uliginosum showed almost equal frequencies of increase and decline. There were no significant differences among the three spatial scales (24 sites on one hill, 13 others on the same block of serpentine, and 13 others on different blocks of serpentine in the region) in the frequencies of increase versus decrease for any species ( 2 tests, p always Ͼ0.50) or in the mean values of (multivariate analysis of variance, p always Ͼ0.50). N 1997 , N 1998 , and 1997-1998 were not significantly autocorrelated for any species at any spatial scale ( p always Ͼ0.05). Values of [1998] [1999] for Mimulus nu- Table 4 . Changes in population abundance of three of the plant species between 1997 and 1998, between 1998 and 1999, and 509 sites at three spatial scales.
Values of
datus were spatially autocorrelated at lag distances of 100-400 m. At most lag distances this effect was weak, with Moran's I (i.e., correlation coefficient) Ͻ0.30, except for the lag distance of 400 m where Moran's I ϭ 0.60. Values of N 1999 for Mimulus nudatus were spatially autocorrelated at a lag distance of 300 m, with Moran's I ϭ 0.66. Thus, for Mimulus nudatus there appeared to be clusters of populations 300-400 m apart that behaved similarly to one another in 1999. For the other species there was no evident tendency for nearby conspecific populations to resemble one another in either density or yearly change in density.
Discussion
Substantial numbers of local populations of the five study species disappeared in the 15 years between the 1981-1982 survey and our resurvey in 1997-1999, and even more new populations appeared on the same set of sites. Especially for the two annual species, Helianthus exilis and Mimulus nudatus, it is likely that some appearances and disappearances were caused by dormancy in the seed bank rather than true extinction and colonization. For all species, detection failure is another likely source of error. We attempted to deal with this conservatively by aggregating the presence-absence data for our 3 years of observation. We are confident in 1981-1982 presences followed by 1997-1999 presences, and fairly confident in 1981-1982 presences followed by 1997-1999 absences, as reliable indicators of persistence and extinction, respectively. Colonization must remain a more uncertain issue, given the unknown quality of the 1981-1982 absence data.
Spatial effects were apparent in the data for both disappearance and appearance. Isolation distances of 300 m were associated with significantly higher chances of disappearance, and new appearances were less likely at more isolated sites. Together, these spatial effects produced new configurations that, for two species, were significantly more aggregated than their previous random distributions among seeps. One possible explanation is that, as metapopulation theory proposes, small populations become locally extinct for a variety of reasons, including temporary or permanent changes in habitat quality. Populations that are less isolated are likelier to either be rescued before they become extinct or recolonized after they do so. This interpretation would imply that seeds of the seep species are dispersing not too infrequently among sites separated by hundreds of meters. Another nonexclusive possibility is that isolated populations receive less reliable pollination. An alternative explanation is that isolated sites are for some reason lower in habitat quality or more prone to disturbance than are less isolated ones, although we know of no reason why this would be true. More work on dispersal, pollination, and habitat quality in these species will be needed if we are to better understand the spatial pattern of population appearances and disappearances.
If the seep species are in fact behaving as metapopulations, implying that dispersal among populations separated by a few hundred meters is a significant aspect of their persistence, the question of independent versus correlated population fluctuations becomes important (Hanski 1997; Harrison & Taylor 1997) . If nearby populations tend to increase and decrease independently, there is more potential for rescue and recolonization than if populations within dispersal range of one another behave synchronously. The census data from our first pair of years, 1997 and 1998, showed strongly synchronized population fluctuations in all three species: Delphinium uliginosum and Mimulus nudatus increased and Helianthus exilis decreased at almost every site in the region. There was no spatial autocorrelation because distant conspecific populations behaved just as similarly as did nearby ones. The pattern was different between 1998 and 1999; however: Delphinium uliginosum and Helianthus exilis behaved asynchronously, with roughly equal numbers of populations increasing and declining and again no spatial autocorrelation. In contrast, Mimulus nudatus again showed high synchrony, with sharp decreases throughout the region. Also, Mimulus nudatus showed spatial autocorrelation in N 1999 and 1998-1999 at lag distances of 300-400 m-in other words a tendency for populations 300-400 m apart to behave similarly. This is probably the result of idiosyncratic similarities among particular sets of Mimulus nudatus sites, because one would normally expect a monotonic decline in autocorrelation with increasing lag distance. Our overall conclusion is that the potential for rescue and recolonization appears high in Delphinium uliginosum and Helianthus exilis and lower in Mimulus nudatus. It is important to realize that the degree of synchrony may vary considerably among years.
Our study showed that the construction of the mine and its associated disturbance had several effects on the regional distribution of the five species. First, 17 sites previously supporting populations disappeared completely, leaving the remaining sites more isolated on average. Second, our analyses showed a subsequent redistribution of populations to a more spatially aggregated arrangement among sites. Third, there was a marginally significant tendency for populations to be more likely to disappear the closer they were to new roads and other mine activities. Despite these changes, however, we conclude that the outlook for these species' regional survival is good. We found more populations of the five species on the 56 sites than were found in the 1981-1982 survey, and there are undoubtedly even more new populations at sites not recorded in 1981-1982 and hence not included in our study. Thus, if the 56 sites we examined are representative of seeps within the study region, it appears that the five species are persisting well at present.
Like many plants, the species we studied are subject to regional-scale fluctuations driven by weather, and they probably rely in part on long-lived dormant seeds to survive in their harsh and fluctuating environment. Such considerations have been said to argue against the importance of metapopulation processes in plants (Silvertown 1991; Harrison & Taylor 1997) , and they make plant population dynamics much more difficult to study. Nonetheless, some authors have argued for a metapopulation perspective as being useful in plant population biology, especially concerning the persistence and evolution of rare plants on patchy substrates (Erikkson 1996; Husband & Barrett 1996) . We found a detectable influence of spatial isolation on local population persistence, adding to the case that interpopulation dispersal and recolonization may be important for plant population survival. Several previous studies have likewise found effects of isolation on plant population occurrence, persistence, and reproductive success (Ouborg 1993; Quintana-Ascensio & Menges 1996; Groom 1998) . Much more work will be required to understand the mechanisms of population turnover in our system and similar ones. One possibility that deserves further investigation is that more isolated populations have smaller seed banks, perhaps because isolation leads to pollen limitation and a reduction in seed set. Based on present evidence, it appears that conservation efforts for plants such as those we studied should not ignore the spatial distribution of populations in the landscape.
